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ABSTRACT   ' " •--• -   "" I 
____ _______._! 

An investigation has been made of the effects of load, / .<j-.20w.r-. 
'temp©r^ti^es;"<tiroe'f-^e.eä:«r-änd visiGQsity upon *»_ feist'in the     -•- 

AVU«  "VMM       BVt*l       OUHVS34UVI fi~~~__>«S     VUAAUMAUhl     ngi«    _tS>&-_Xa   AUU1— -    ---   - 

vidually äs ^liillSf^Hec^^ ,- -,;.. 
Reprpdücibiiity of results was adequate for some research 

;; ana development purposes,                                                  ^•^IM 

'£ '-           •                      -"--.""     ;..--- ' -'-•"-'''a^it^'i.>.>':"-:, 
y Wea*Hoad curves of a groupoipefart^^^^if §Ms5j$_fi^'i. * -._•,>_„._ 
i _ glycc 1 ether j and siticone lubricants were determiaedäSM^'A -__^f" I 

«•i and at 2B6TF.  Many Of the characteristics of thei weaj^J^fJ-ic n.W^a                                t 
tl curves cöuldbe explainediii terms of toe viscosi^, theitg^^. kv^vj 

8                                    .    *?_ -_ peräture.j.andithe polar material present or gen8Eated-,aitlilfci:±v*r^"r 
''      .......         . ... ,._S ... silding.iSUi^aces.i..L^ 

"'-£ presence Of adsorbable impurities. Pur. %dEbc^b^s^fid£i«"i;-ii';'rs 
j                                        Ki siilicones-^ere shown to beiextremely poofe-lüb^cantslin theH\l 
I absence of chemically active addition agents.  P 

•_: 

"i-- 

FurejpaesicetfS'ariapoiygiycoi efsefsxcojmxuning^sm^pi^psaismp. ;w ->ä*. ;! 
were comparable to wMte mineral oils.    -.    ••___. 
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A STUD? "6F. THE'- .^DÄ-MLL Bä MöfitSii''' 

r   t 

.iN^MticÄÄ'' 

Accpm|)%n3^g the .äsyelQ^^eiit pil!pxpiiesM^Xotiiii^Xp.j<Q^i: fee. '^eäring^sleör^ji^ " 
and seizing,whic^ 

compare these special lubricants.  Among the more promising of the wear machines is that 

routine^^reme^pr ensureL'^eja*.tfisj|öfc^,:^äi^^eij^eÄtia 
-aFelÜustra^e,C'^CFi^ure,.I.'' Tbß four fjalis^fprin j*a dquiiäterai tet^ahedroru : The:ßirl 
lpw|rwpalls are locked in-,nfijoyabiy b^a coni^ai ring forming a^^^r^e-J^oint contact cr^e 
lorj a fpürffi-waU ^hich is heM i'^üprshaped.end ö£ a drive shaft which is free to 
rotate Jabout a yeHipal axis.  Through leverage,^ pressure is applied to this pyramid 
immerSieQ,in the oilTünagrjesfLj?.^&gL% ff§S>, 5lf9$W? ßgars^^re'worn ;ifi«^surface off" 
the feReelower.bÄlls. The degree,^ dia&ltp 
of these scars* Boerlage'sinstrument and sub#e$uent adaptations are very rugged aj|d 
sturdy machines, capaPlg^^^ajurtog, wear frojnjmit pressures of äpprpadmäteiy i%3,0t)Q 

able ip^jths^ft4Jfee latterpressure wifeöüt causing welding of fee fpu^^Ils;   '    ' ' 

1 

i. _^. 

a 
a. 

^H^I 

Figure 1 * Faur-bfilpri^citjle 

*  Number 4 in ,tfareni|^;s.%s_,rjefe^Oo IIAbll^grapliy at end" öf i epöKt;. 
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Boerlage has described ä pne^minute test procedure for this fqür^ball mächine (1) * f 
and the literature is replete with results obtained by other investigators who have used 
this method;  Briefly, it consists of determining at a given speed the highest pressure that 
a given oil will stand for a run öf one minute without permitting-the balls to sieze.  Beeriage 
baa e<-i-i/^iö^~f|i;ö-of-for»i nf cago^c tojYjnoratüres and'isha'th of time of test* Amon^the morea'*t',,'^i" 
investigators who have ehiployedBöerläge's machine and testprocedure are Clayton (2-6) * Van 

•J3tigk.äi.dJBlok^..?i.J3a.v^ 

• - , The literature disclose*Mäny„ii^ .._ 
advocates.  Blök has proposed a ^SeMurV-Piäay''method of liest "(16.)" which considers phiy 

]- the maximum load a lubricantwillcarry for 2| seconds without seizing,   Ciaytön (4) has 
, suggested ah even shorter time of operation, and Kemmerer and Gartön (13) have advocated 

r 
. i- 

very actively studied extreme-pressure lubrication With the four^ball machine.. He hää 
investigated the effect upon the breakdown load and wear diagrams of applyjhg^ihe'töads in " j[ 
a continuousimanj^t^s^^^ÄE^machü^e (§);? an,d also the elfect of speeaanä the rigidity "| 
o|b^chücksj (5). ^His pSplisK^resuStö ^ctu^e^a w0s variPty orweii^know* wear   •;; __- " | 
p^ftventiyes in m a.s_kerös'fen;sj_aiiä "^''';_ t I 
golden syrup.   ~.~~\'!.7~'~- •--- -.V'?'.  ,."'' '-\ *'."-,. '*"   ;..:" '.'*".'.".7"'"''"V-!'J--".'!.rV5.'-''.;V •:      I 

Many important siudies of chiorihäted and sulphurized^cp^p^dä'h^v^^^'iMtli^y, I 
Bavey,£8).,, who c^mel.tp Jhe ponclusjoji that^e^me;ch^ismj^wh^ch'c^p^^^ed^'pmp^iftw ] 
functioned as extreme pressure (E,P,) lubricants was governed by the Iatfi|ity of the | 
(jhlprine: atprnjs in the compound ind *$$ degree of &chiorine säturäti^h^" The;E.,P; prop-' J 
erties are due to liberated atomic chlorine whichTf or lös an addition j;jhodu<jt wim the metal ? 
suriace yielding low wear;, the. formation öf hydrogen chlöpiue will lead, tu cprryöiön aiiu i 
hign wear.  However? Baxter, jsnow, and Pierce (it) reported an increase in breakdown Igkd \ 
for feotK^inhibiteji and iüünhibi^4u^^^ &&&i- Ö10-kalis. Y^re ^retrealjed w|th hydro- * 
chloric acid.   •;' 

.-   „     ^— -'I*J-SJ-. 

Mostlhv.esti^tipns,,w.ere limited to Bt^^^ 
sliding on bronze, steel sliding on bronze>;and bronze slidihgron~st^ei. h£?e be^n reports^ _r;   „4. 
in thv« literatiS£"e.     -——•--•      -•    ~ ;•-  -•-.       -. _- -    ...--.-,.-. — ^7 ^-^ - _^..-      ^   ^     ,-L 

Consideration has been given to the actual worth of this instrument as ä prögRösticätor j 
of the expected service performance of ä given.lubricant. ;Blok (16) and Kemmerer ^na | 
Sarteh-il4^ havg ^resented nia^iu,'emmt^-ghichi^on^dl.soiiie-^^jiä^4-^^ actua.l,-- -*•- —       I 

jsec«i!ie. - 

MsLtiy pf these ihvestigatof s have niade cpmDar'ativ.e- stu^esjofJheJfpur-bMl machine 
versus other testing machines.  Van der Mnp.e(W)"has cöiö^ pf extreme^ 
pressure lubricants in the fo^ür^bäH ihafehine, the^ Timken Tester^ the Fipyd Tester, and the 
SAE machine. The remarkabie differencesixi^ ratihgspbta|^ed. were attributed largely 
to differences in, temperature^.geÄejated at;the sliding'supfacei of the various testers, the 
heat generated being ä function pf thg, yaipQfty^nd |h6jr^ssiifer Chemically active com- 
pounds showed UP best in testers like SÄE and~t|ie four -pall machines at high loads. 
Lubricants which were believed effective because oi adsorbed pPlar compounds, showed 

•wwj-, tnoat effftgtjvgLy in th%'^lovä: Tester ^ändülÄ The 
explanation offered was that the coefficient of frietion remained low aSd less heat was 
generated.  The lack of correlation between, the differt^t maehlnes was also demonstrated 
by Blok (10),, Who also attributed the variation to differences in temperature conditions 
between the testers*  He believed that by .applying1 his seizüi^delay method the effect of 

ffjv j . _-je- 41.-- bulk heatingcpuiü bp eiiminaiea in tne ipur^oau maenine gnq^ vsts gnayts ui vm i.siii^ia.ias. y 
ffiSh Äe_bro«gM ogt.  it ^pul^appesr froi^-hif res .\.' 

•*>&~?ZM?*v 
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is obtained than with the other testers5Jj9vr asaubsi owed bos asiüancv-q^Kratawoi rlraww 

hmägT*higfeairj,y>r^ 

-Kr^ 

-,& .W-"'i«r3 

~- -  -»^-*-**  *«•      -fl   -  M^ 

-JwiMug^alsilQj^^ 
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-   by the three clamped lower balls.  The« WS*^ä§Mmv%9&M Ifef W&B9$JglMfc$9!W 
and a definite initial angular momentum is given the top by, means of a falling weight and 

 pawMrrangement.o,Xhfe£0e^ 

-s.i"BHE"fitäi3u"iIäno3'"m^4oT.(el^sflCÄi si Islgal ®isnmaim "Simi-i ,lsi'Ji.I äiö'lö"aöj5öl woPh» 

it apparentlydefinedI the results iney obtained with two groups 01 lubricants.  One groüg 

frfie-fattv-aci&s^.*Jlsuch.aJilm.,wäs^ 
contact Qi She balls should" isßaease at tMs critLckl'velbcitVt, uTheie£öre..,measur.emejats. 
^erf^djiwit^^mo^e^/^r^i^tgp- ^fe&qMÄjg l^JTO ÄW§Ä 
U2',1L 2~'5 K~-"1» *A' »-o«uinn<)' Umiö» t»ol1      Tlfiif/ifrru ir .rio^Ölofai'inxr rnntifin iin thig .eago W3s.flPO 

xji'8-cjLc.Cirj.Cai resistance jneasursinsnys SiiQwev» *»»<£ concomitant. V>I<J» ^ s^?^ejvjse£j^ig5i^„j 
U1U    ClCVVi LLtU in the coefficient of-friction there was a high increase in 

the sliding suSä«Fes. SSince tffistyaB |aif pr&jf hi Öie existenicjdof fluid film lubrication, it 

„ _   B.eeck and cö^wof k4rs (2$ jtitijiged tbisl jbodiiied ihötor-tdrlVeh tolb for measuring wear... 
at unit pressuf js^ and,vel4cit|ss Jthit jdo.not :^i»s$ kciusfi seMhgJand gjslling ol'the moving 
surfaces.   Mti^^^ 
•he same thing, ft ^s: been ioynCjiob^u^^ studies 
it ipw ioads. i&fepc'k 'dt atv.(ädf^^"xap|tHe taotö^r^rivei> t<>p form pleiriod of iw$ hlurs at a coh- 

weatr 

The 

.at their""Vuiectic^3ihe^r.Kuaf".fea/r..ppvepliap.;whiM'^j^Ms^upoh'the fact that some elef - 
mentslike nHOsphorus''iolf.m..eutjBctic^ mixtures witii various metallic elements.  Apparently, 

fQA!/J S31 BJifl .032 «S; 

-*   "Bounäai^ iLubrication-w as xised in this report, is understoäd to de.signäie any kind of 
^.•s^rj?:ja£. „- v 
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the lower melting point öf these mixtures has a po-ishing effect upon the rubbing surfaces 
which löwers unit pressures and hence reduces wear; 

The instruments and techniques employed by Beeck and co-workers: were not found 
readily, adaptable to rojstinft work jn the same laboratory under conditions that approximated 
those iß actual machinery.   Accordingly, Larsen^nd perry (21, 22) modified the original 

^Epeyiagg E.P. machinein an at|e,igMJ^]0£oduge a mMeJ^ible,,^r^ 
mi vugii kuuu ur ui wie,mail- jfjs.iiau.iwj» uiav im;u!;:n;e~w,e*uw. Wi?ui«-.gMf,e .gjLtuu-^urxeiaiiOftrÄiui" 
service. Their design has been adopted by a number of ihyestigators who have eifher^dupljU 
C&I.ÖU uicir apparatus,\as «.as bsen dene in the Work'repöTteü-I/eufe) or have employed the 
modefcimaftufact^ >.-", .-. \.:j,\;': .'.'.- .;;". \C I 

n 
E 

-E3 
& r 

£ 

Si 

J2sse&i|^^ 
machine designed by Soerlage (1).  In contrast to the ötyrdy construction ahd insensiiiyity 
«i iuw *U8Ui5 y* uiciauw,   men   mmuuuic tcaici.   20  lauici   ucuvatc w COnSXtUCttpH ä.üCi TB- 
äpüiids with gpuu sensitivity t© applied iöäua "äs low äs.'0,1 kg,.   It is* pföyideä with" controls 
iov speed .and, temperature,, and it is capable of measuring both wear and friction,.. 

Most machines operate aiioadBcunsiaferabiy below those at wfficn seizing örj|aüingr 
of the moving päEts takes place. The Larsen-Perry wear tester attempts to simulMe those 
conditions, since operation is confined to unit pressures which, with Uhinhibited motor 
oils, do not sause violent seising or welding Of the test specimens. At those unit pressures 
It is assumed thai" the region Of luoricäiion encompassed extends from mid DQ»3aÄry ^on?~ 
ditiöns (direct :contaet between the rubbing surfaces) to thin-film: hydfodynämic lubricätian, 
Uhdex true boundary conditions, the coefficient of friction is entirely in^aendenlotboth 
volnc'itv nf äli^incf surfaces anrf. vl.Qf»r»s$frv nt 1nVi*>.nnn+     Tlntia* h*}Ai>nA%rnnn\i*\ nn^Äitinna-  " 

of both the velocity of the moving surfaces and the viscosity of the lubricant.  The wear 
machine-4h contrkgt to thj» E,P. machine, which is assumed to be operating always uhder 
x^-—n.äSS;- ^^=^-*** *ri-ic; —ic'cc ----s-.i—-«--_——__- :ü - Il_—Aü-_  t-'-l^j—-a-   .~_-_-^j_- : ;-^-j-^_- -i-i* ^T ~i^zj^3f_    - 

'---—^«—-»«.'-i.j*u.-i-.**-jf-Tr    --iciÄÜ-..i-.~—»a~~i^.-i^^i«.- **.a~'".-:*-X-«.—--J-«w—«;-^2*.-~i:C =ä.Ä.^l£~-.^;l»" iL—^' ergi«_»«i,-»i.114511way»»»     x.iguic «s OIIUIVI uic wau lauge üI ejn,ii uijji^e : 
f 1111-1X3 I lit-.-  Ill •••III Eitt I 

'luauiuiies;. 
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1h a group öf reports (21, 22, 23, 24, 25, 26) tarsen, Persy, and Webb have discussed 

the effects of temperature, 3peed, load, viscosity, time, and hardness of bails upon wear. 
They have shown that the machine is capable of producing fundamental data on wear and 
friction.  For-..esassple,' they demonstrated (22); that free fatty äcids ar^«ffecävewear- 
t:educing agents; and that compounds like esters-and kstones are noti 

-^l-TSfei^aMdiM•:eäeajj|tiafcp a v^^plfcbac^i£oanl£torIanyoneJ8^nmg.jo.emijio£.lfie.apoa^ 
"ratu3"ior"reseS'rsh7"üeveiQpmentj"or"'the"routin^  ~"~'~ • ~— 

A comprehensive review of all pertinent work would be too lengthy for inclusion here. 
However, references to man^ other papers are included In 28 to 47 of theBibliography; This 
report will be concerned with laboratory studies of the reproducibiiity anä the variables: 
load, temperature; viscosity,?, spssdj and- addition agents which affect wear in the Larses^- 
Perry version of the lour-ball machine. .A carefully selected gro«% of fluids of present day 
interest in the field of lubrication has been studied also and the results are included. 
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M 

^ 
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Three identical fpuf^bäll wear machines were built at;tMsMI>oratorylreiri blueprints 
and specifications kindly supplied by the Shell Development Company öriEtecrwille, 
California through Dr. R, G. Larsen. They are capable of measurmg both wöa? andlriction 
at controlled temperatures, speeds, and applied loads.   Figure S shows a CQmpletäiy assein- 
öi<cä ünit.ssis. WORSTS ^® Süü«?@ sis'! 
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-I _- ___    Each machine is built around a h^vy-du^;Jh6ft^-moäel järill press whose spindle is 
driven at 700, 1200, 2400, or 4300 ?pp by apulley arrangement; with a 1/2-hp motor mounted 
on the shoulders of the drill press. .Attached to tile spindle assembly is a chuck ball-holder 
which firmly holds a l/2>inch test ball.  This ball rotates against three i/2-ineh stationary 
balls completely submerfedm the test lubricant. ^These stationary balls, clamped immov^ 

.ablyjin a steeldest^cüp^bJLaicpnicä^ -lä£m_äJcr4die^in^«Mchu.thea^uck„, 
'ball rotates about a vertical axis.-"•-..--" --•-••-  '•••->\:'~-: •- 

IRie test cup rests on a self-centering thrust bearing mounted on a loading pillar.  The 
thrust bearing permits the test cup to move freely in a horizontal position so that setf- 
aiignmeni Oixhe four test balls is attained,, "An iröu-Cönsläritäu thermocouple and eäStridge- 
type heating unit is embedded in the base of the test cup>  Attache» so the rim of the test cup 
ia.a.Hö.yb.le-armIä.c^:plate.. .Nutria; contains lour, .electrical contact points which dip into 

n  niu   •j'rr^nuu'muni 

the thermocouple and heater.  Attächeditö th@ 0&xlä,vm 6i"the;'race plate is a calibrated 
steel spring which is used for measüringjhe torque jbet^eenihs laager rotating ball and the 
three lö^ er stationary bails.  Üöpi Joss ipetwe^n the wetai-to-Sngi^l contact of the loading 

w*.   HSV   »viSv 

1 
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T 

In operation the torqye between the test ballü is determined by measuring the extension of 
the calibrated steel spring attached to the torque arm on the lace plate. The f rictional forces 

—involved are illustrated in Figure 4b.  The torqite exerted on the three locked lower balls may 
-*•'•.—ÜliW*"£ , 'ftfU** B^g., 

-j 

"'_".-. " ." 3TPÄ 
T =s-f -x   ijapr 

— -y—- - 
:-ii;:.L$ 

...T-.    I? ^.jjf^,—rrJtnn.lgäa>. •*,— a^JjtjajI^» AJ^kixn+jv*!. airc. uirt if 

--.I - 

T'(kg/mrc)   =• Frictiönai torque ~ ,-, 

•ö ./tegv .... - •;•-.-_ ^ppli^d-lpaä"""r^-•*-;-" •- ---—«•— 

R (mm)       j^ Pist^ce from the center of the 
contact surfaces on the underlying 
bails to me axis of rotation 

J 
•-1- 

:1 

^""^f        ~   -"' %. QpeificiMtof Ir^tiön. 

However, 

T =  FIT 

=s Force exerted on the indicator spring 

U   \UIU1/     —       QCIlgUI  Ul   U1C  IUUU  levcv  Ö1U1 

° *"!IS 
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^lo-rs. ... 
-JTMOW y—' 

D.(mm|        ^ Measure-of.the springseXtgnsiori 

c (kg^mm)      .= Spring extension constant. 

Hence, 

 t,._ -^, J  ,, 
'F-ls. - ;= £ x 

§m 
f.O: 

:§ 

yg FL Dei,- 
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Although the spring extension 3D -may be expressed directly, the machines employed were 
-provided with a revolution counter and gear system as a quick means'of measuring the 
sbrine* extension. -•-•— - -^ 
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Figure 4b .- Fr.ietipnal forces iWöly^ä in the, four-ball wear machine 

.-~U 

The iour 1/2-rinch balls form an equilateral tetrahedron.  The area of contact between 
each of the three lower balls and the^apper rotating ball depends upon the applied load and 
me exäatic properties of tne bails,  This areacan foe calculated by means of the Herts 
equation.  According to Hertz (48) the diameter (d) of the area of contact between two 
sphericalsurfaceshaying the same elastic properties mav be expresafid as fniinm« fnr __ 
i/z-Inen.haTÄsteor'hai'ia-"      -%-—•---• .-   •  ,.-_ .,-,— - --    - . _-_-....   ~<~   — i/z-mcft hard steel balls: 

where 

jfli,^. BRA.» ii n=s ALQ£JöI 
--=.» "W/—Ä— - — - 

P(kg)   = Applied load, 
This assumes a value of 0,g for Föisson's ratio and a value ^UJ?„1 ft? dy^es/sqi emCloi 

X: 
-   T-rf-  ~ , 

I-:.:' 

'.. f.:7./-rr?. 

-"-:- • 

__ 
LW«iaj   n    U1UUUXUO« 

t^H? 
.14 



rwkB-iH^sirnr, *&»<$£«*« MH-iU-tJiMi-. 

NAVAL   RESfAfCH  LABOIfATOSr y 

Wheä wear occurs actual metal •will be cut away and the area of contact will be larger 
than the area of the Hertz deformation.  The pressure between each of the three stationary 
feaMstandthe.^rötating-bail:at:thel-endlof a. test can hS-caiculätedisince.the applied,iöad.'ii_J"l 
known ahd the contact area can be measured. The meah specific pressure based upon the 
g'^metrV Vif the iQtS^iiÄer% '-""" r      . 

JJ.^Jtoiatl-.-a^ Ik ^.:__E_ 
.•--&.„:* r 

where 

ISO,   '=U.3ä- 
"'!' 

Jt- -_.,,L.-.'~i&i 

--      j:- ,"j.j 

•>" --VSC3 

v--l 
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-Tsa-— ü 

JL.I 

Mp(kg/mni2X 

• 
;      P« 

d (mm) 

., ,_.... *,..—.-«.-,.-*-- " ^*—~- - "--,_=--—--<--,=-_-- * -*-^-'~--*"*= -»- 

Fröceuüre -   ., _  ... -     .^i- 

=   Me|h specific, pleasure 

=   Applied load 

=   Average wear—scar diameter. 

AIL experimental woEk^describ^lnithis report, except jär the studies on wear-scar 
deposits, was done with 5KF, Grade I steel balls.* In commencing a measurement, four 
new balls were degreased by washing them several times in hot benzene before loeking theni 
in their respective positions in the apparatus. The test cup,and chuck fcallr-holder were also, 
cleanged in boiling bejizehf^^lter the test balls were lockedin position, a freshJEQ tvj Ip mi 
portion of the lubricant tobe tested was pouted into the test cup»  The test cup was then 
placed on the loading pillar and the spindle with the rotating baUms towered ^toppsiMon, 
rri»Ä' ^nütniia cnvlnn TOOö' than attajthiu^ */i> *tno- irwra%\& 'a'i"nht-'nf' ^•h'o/tioet' Min''    WiiJi  hoat TOQä Qrarillart 

nntiLJtheiest temperatur.e_WÄS reached. It^msJthen decreassw^ 
SUCn a Value aS experlcaiv- '•«?&»» ouuwu  RUUU mamwui uic ««uyciaimc.     Jinc   wcsgiiv vawjr 

was next loaded with the necessary weights and the motor started. At the end of 12Ö min- 
utes tn^ motor was sioppea, me test cup remu.vi?a,; änu, -wiuiuui removujig u»»j 0344^ uie 
wear scars were measured with a bifüar microicöpe of-7ik power.  The bails %ere not 
xeSiöye«..iFurä me weisVCüp]3£"«Jr w MI« ipc5BUitwijuciiit3~McCSU5^Miw S5XiS.ii SiSS Oi urö'wS£^°":" 
spui maKSS l& vxrxuäliy impGssiuie w Jiuiu uie scaxs.      uauauy uic awuo «it; ivuuu, uui uie 
»a»ti*»ai airia-öf .the microscoü© and the. inclination ,o£„ihe. wesr~scsr~s,|:,Qt make them äppsar 

^UipticStr:"The"tMjor"axisof tn^scaT^eeh"S'tn^microsc^e~^P"P^has uie measure Of 
the wear^scar diameter (d). The average.of the scar diameters oh «ach of the three lower 
balls was considered a measure öf wear.  The diameters wereplottedI against their respect - 
ive applied .'loads on log^iOg. coordinate papery"; ^hes,e,:c^gxäjÄtes w.e>ejselej(&edoecauBifj'. 
•the, wide range of loads investigated: as well as the range of wear diameters encountered 
wuiuu ilÖC«äfi>iS.i liy i'caiitl ill »w:y «juiay c&iiu uiiwicauy giafuiD uu scvuuiguwi   v/uyi«iiiai»o. 

Load and temperature ajiieci 
-•»V _i--ju   ££5;=. 

*> 

P 

J 

A series of tests were maae wi?n tne mgiuy rennea, wiute imnerai 911 Ai?igure 0/ ai uje 
s®iected:teinaegatuges.oi140°E. 26CPff, and S5#F. this mineral oil was a f^gtpetrolafum 

VnAV^Ü 

When needed, ciaes test specimen^ such a£ stajnle$s steel, mild steel, bröss, brönäej^ 
etäl, and aluminum "a¥e cörÄsÄe*eia%y Svaliäksls. "* "" " -"-""""       -.^--_-—:^- -t : 

t   .-. 



"VSv    .->!• 

-,  I 

m IAYIää. R-:E&E,Ä..a^.M,.t,.ÄvBfceeftisa?-. 

ST'1 »** 

manufacture vy in«? Kuline-Libby Go. of New York gity. The temperatures '-were selected 
for several reasons. It «u found that one of the lowest temperatures most easily main- 
tained with e¥ariac" control was 14Q°F, The higher temperature o£ lfi&°F'was chosen be,, 
cause it was hot unreasonable with respeet to some actual' operating conditions and^älso 
because' data from'. Xars^-ei jal- was. available, at ihat temperatiir@=' The .««sat apoa wear 
obtained at these two temperatures made it desirable Wihvestigaie the effect of still higher 
temperatures,  W^V^:w^^^^9^m^<^'^m-eH'^t%ttW.^a&.seiea^^L. ^heLSP.aed:at.eaeh^ 

""v^tiiuKiöviars;* «is ;« iffiu.   mesampie useo was frees oi:#aso?Mbleiimpuriaes•before 
by repeated percolation through adsorption columns packed with layers of activated 

fuller's earth and silica gel. A drop of this fluid did not spread on the clean surface of 
water maintfjinsd. either at;pE 3 or pH 14. The noaspssädiag. of this percolated fluid was 
indicative of high parity with respect to-hydrophilic adsorbable impurities (49, 50, 51), 
The results obtained with steel rotating against steel are shown in Figure 5. 

\:•.,:-'• 

!Tne- degree of wear shown by the curves is evaluated at anveiven„loadihv comparing 
the wear^gcar diameter With the Hertz diameter pi «slaatj c jnri.?r»t¥»!or, st the samglcad.," 
"Tfib Serf ^diameter is the diameter" of the Balteh^d area of the contacting surfaces before 
wear has occurred,  the relationship between the Herla diameter and the applied load is an 
exponential equation Which produces a linear relation oh logarithmic coordinates for a series 

•of 'Herts diameters and theif respective loads* This linear relation (Hertz line) for hard 
steel balls: has been included ön.ail :Mair=lOAdgraphs;MHSJte _—• _.. 

At 140°F it is seen that wear is very low from 0,16 to 0:46 kg, probably the result of 

ence some degree Of hydrodynamic lubrication. It should be ejected therefore that an in- 
crease in the temperature would eh&jgrär increase in wear bscause of the $scjjsity decrease. 
That this is the case at these low loads is illustrated by the expected increased wear at 
<»v .*•   luiu wrc DtAij gi caici -1.-.W0.MA.. icrsaaie at oso-r. nowever, jbarsen nas aemonstrated that 
at still higher temperatures some lubricants reverse this trend and show a reduction in 
wear at these low loads (24). A simple significance cannot be attached to this fact,, since at 
the Mgh teiap^ 
changes In the oils and additivesican be expected1 to'tüaiti^sä^ik^i-e^BBeAU» 
interpretation of the experiments. 

_^'t 
.!_- 
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At higher loads the effect of temperature appears to be the. reverse of that at lower 
loads.  With an Increase of load it would be expected that, in the absence of oxidation pro- 
ducts able to adsorb on or react •with the steel, Öse rate of wear would normally increase 
irrespective of the oil temperature in the test cup. Aowever, the results show ä decrease 

4„   V.Ai4««oJ'kr. 

Lärseftet äl. (24) to be due to increased corrosion pf theTrphj which tends to remove the 

Viscosity Effect •_•''" 

In accordance with the hydrüdynamic calculations of Höwlett (44), fluid films of liquids 
at normal viscosities cannot exist 'between, the sliding contacts of the balls in the wear tester. 
However* the results Of the NRL viscosity studies indidate that a change in viscosity jjoeg" 
have an effect upon the wear-load curves. Figure § shows the wear^load curves ob^ined 
with "percolated? white miheräi oils of divergent viscosities. The viscosity-temperature 
curves of these oils, A and B, are graphed in Figure 7Y~Eäch weä*1 scar is the average 
weär-diameter after 130 minutes oiioperätion a* 266°F and *IQQ rnjn^   At nearly ail loads 

Ät thehigliestloads (10=20kg) a 
Since an increase in load there 

*;, It is possible that the 

less wear la obtained withTöieT more viscdusfluidTll- 
decrease in wear with the load is shown for both fluids. 
is a corresponding increase in temperature at the .point of contä'*t, 
oil itself acts äs a wear preventive at Certain critical temperatures through the formation 
*%.&' «t»Ä« «a    WMnlnfonf  ,rwil>?a.*$rf-wi  w&i\f&z,i<ft$-''cr 

hydrodynamiC lubrication does exist between the bails at loads below 10 kg. 
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I?ata obtained -with three pure, adäitive-rfree diester oils—di-undecyl sebacate,* 
di-(2-ethyihexyl) sebäcate, and di-n-butyi sebacate (5?., 53)—^yould lend some support to 
th6 existence, of HiiiiL-.film luhrioation; Wear—load curves for these fluids based en-wsäf 
scars after 120 minutes of operation at 140°F and 700 rpm are sho'wn in Figure &.  The 
yj^Mite^tejüne^^ 
that there is a significant decrease in «-ear with an increase in viscosity from an applied 
load of 0.3 to 2.5 kg.  At higher loads (5 to 20 kg) the effect of viscosity is less marked. 

I 

[ 

'dotted in 'that loadxe^ion to in^ii^-^t.f* th&t ??.f»n?*rsfitif»^ii^^v 
tlllSLf*  ?.?* '•I'*» •HnA iatjo 4\%<atTi' K 'Iror 

Attention is called to the dotted portion of the curves between 2.5 ^id •$• kg.  They were 
eprodueibility was very poor at all loads, greater 

This is not at all unusual With the four^bali machine.  For 
example, the wear-rload curve of an eKtreme^pressure iubf leant illustrated in Figure 3 is 
typical of curves obtäingdlwiih the Boerlage extreme-pEessuce..mächinei- All .experimenters 
wiih this machine are familiar with the unstable regions of lubrication found under similai 
conditions.  The instability is caused by seizing of the metal.  At all loads between points 
TO n»;a TV hu~. n.i»:.~ «i ii.. —.ui in, ~«_Vi». u.-«i>t«i u.» „„» _^.'_^_,.^ _u_"_i.-J __ _*' «.- 

frictiön=ihdicator ariä durihg the time of test and also by the wear scars, which will show 
deep scoring;  Between points B and Q it is impossible to reproduce the wear scars with 
any degree of accuracy.  At all loads above point C, reproducibüity is very good altiiough 
Seizing xcäuing iO äCtüäA Wciviing Oi u»e iOUT uaixS uGcS öCCuT,    OTeäjfnSiyei"uieae_(;önüi!;iöiis 

*   Also known as di:(l -methyl-4-ethylpctyl) sebacate 
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Which is easiiy observed.  Seizing of micrödimehsions may be responsible for the unrepro- 
ducible dotted portions ,of Figure 8.   IJurihg a test ön öie wear machine there are generally 
ho sharp surges of the iricitlbn-rindicator arm in those regions nor are there any differences 
in the appearance of the wear scars for those obtained in regions which show good repru^ 
ducibiiisy and those obtained in regions of poor" reproaucibiiiiy. Regipis 91 ünr^räducibility 
are not suspected until a complete wear-load Curve has been obtained.  The spread of such 
ä region may be broad and,its limits ill defined.  Sometimes, however, it is sharp and well 

. _JV yrrj%,t-•"   -i V**V» - r.**h* • T.twv«t    nviv   oxtisiAU.»     wv 

those o£ Mgure 8.  They called the" dotted portionex theliurves -Tsreaks" because mS'.general 
trend of the curves is broken at *he loads inctuded in the dotted portion.  They believed that 
the breaks were deter mined by the temperature of the rubbing surfaces and that abreakihthe 
curve indicated that the contact "amnerature was JS© high that the metal softened to the point 
of failure; with the: destruction of the initially smooth surfaces, a period Öl very high wear 
followed.  The^ make reference also to thö' fact that two :or jmore breaks, ma^ occur on a 
wear-load curve if the load range is sufficiently great. Similar results have been obtained 
in this investigation (see Mgurös 37 and.39):,,: •'. ';. 

This report uses the term seizing when a break occurs (rather than the term failure) 
to suggest .whathap-pens at the rubbing surfaces, because seismgA gärticulariy with tise _    _._ 
Boerlage E,P, machine, is always asspciated with poor repro^ducibility,   The intensity of 
these seizings is probably governed by the resistance of the: oil film to rupture äs well äs by 
the ability of the liquid to recover froöi seising.  TMs, property undoubtedly varies with each 
fluid so that comparison of wear curves is of little significance if seizing has occurred at 
some lesser load.  The temperature undoubtedly determines, the load: at which seizing occurs. 
These regions may well be caked regions of incipient sfizing. 

-T 

1 

I 
fi 

M 

n 
£2 

If r "• 
; r, '•4r^~r< 

• k"V "A 

^^»•««•»«^••MW^'IIAWM1^ "-t11 'I'flyBjutb 



-__* -«>at•. M^A^^^Ä-.a^,rÄÄ>Äi:»irKÄ*ris££^s^^ 

j__ 

i • 

:L .. - 

4 ~ •. -i, 

90    100   110   120   130   140   150-1160  170 480iil90, 200 220 
TEMPERATURE, DEGREES FAHRENHEIT 

Figure "i? - VIscösiiy-tfeiiipörätuie'behäviöi'1 

ü wSSäVipS« <CUä;vS aG7 «A^vo-giiiyjuiWAyi/ SSkjSC&tS- was «I9O uöt6i~ milieu at 188 p.    At 
that lemperatv>re_the viscosity of this diester Is approximately the same as üiat of di-n-butyl 
sebacate at ,14'(rF.__ ^^minatioQ of their respective wear rload curves at these: divergent 

«:& nearly;;%©;^same for .eagh fluid lor loads 05 5 to "20".kg:; At intermediate loadc (0.8 to 
§ kg) ana|j?p te unreliable because of the seizings whiqh occur. At the lowest loads (04 
^d 0,8 kg) fiie amount of/gear is fee same for ^ih.ffuife>-8^d"iince'^tTegiCTtt''is''iiot com- 
plicated by seizings it is again concluded that viscosity does have an effect JSRön. wear at 
these low -loads.*' -t -'->-——------ '._:'—==x^ir-->.=-^^,'~-'J".J-,;ki'. _'• -'^-"-^-.-^  —l-v ?"--•"—^f; - ^ 

a ,__      -_,*_-_£ 

Another esample of the viscosity effect is shown in Figure tlV The wear-load'curye 
of di-(2rethylhe^yl) sebacate at,l69°F is shown in comparison w^.thai of di-(undecyl) 
sebacaie-.at ifirFr  At inesetemperatures the viaCösIiie» -of "thesetlüluaTäre^TueMicaS"(1'JI " 
centistokes) as are the loads at which seizing occurred.  Those viscosity sidles all lead 

-to thenconciusionthat hv^irxKivaamic^ufegicatioiidoes occur in tte'jmi. four-haiy Weft* maje  
chines at low loads. --    '--    -        '   -. - "_•-•-,-• '•: '•.]"'     •r.-:~\~~.-~ 

,Larsenäftdcö*workershave reported remarkable differences in wear obtained with fluids 
-that rangfidIJn^visc^sity-f«om app¥öMmateLy_R^cehtistokesL.to_6.500„centistokesJ(^4)._ Sö.w=_ — 
-BTOEi-thejchatacierjoiilhe altered radically. These fluids were compounded 
by the addition Of polyispbutyiene to an SAE grade motor oil.  The interpretation of their 
 IJ —~- J___j __ ..i_    _*   _.._J^.„   „_-3   ±V~ 2?*»»'= 

increasing effectof polymeric additives tu the thin-fiim weaf^preyentivepropertie^ of aiftoil. 
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LarsehaÄdcp-wprkfrs(2i, 22- 23,, 24} concluded thatin general speed in terms of rpm, 
is hot critical over a wide range of temperature,  They agreed, howeveriijaäi temperature" 
and pressure in the o%L wddge near the area of contact will Vary with speed-  ^hey assumed 
that an increase in temperaiere might either increase of decrease wear, but that an increase 

^QMhe^pr.essuminJhe^oj^  
studied lh&^rsäätiöi between Iwear, vibratiönrahd. speed. _ They concluäeji that low "speeds    '_ 
(600 to 700 fpm) were best suited for testing certain lubricants (54),  They found wear re* 
suits to vary with speed, but believed that wear Would be independent of speed if all mechan- 
ical Vibration were'eliminated.;,""        c" •--/• '-•''•'- ;   \/'""" -1 -   "-'-'".--"'•: - ;= _" •'•----•--' 

Data obtained; at NRL from steel bails with white mineral oil C of Figure 7 in two-hour 
tests at 140F'F show (Figure 12) that an increase in speed from 700 fpm to 4ööö rpm resulted 
in a decrease in wear at loads of 0.6 kg to 5 kg.  At intermediate loads (7 to 10 kg); there 
was -little change in the Wear.  At20-kg loads increasing the speed appeared to decrease the 
rate of wear-   Larsen andhis co-workers have suggested that higher speeds increase the oil- 
wedging effect near Jthe contact area and that more of the load is carried hydrodynamicaliy 
thus reducing wear*  This would explain the decrease in wear, with increase hi speed at loads 
from 0-6 to approximateiy 7 kg.  Presumably, at 10 kg-loads, the wedging effect becomes 
Unimportant, and at 20-kg loads the high rate of heat generation at the contact surfaces 
caused both by high speeds and by loads results in the formation of oxidation products which 
act as wear preventives. * 

*!.'< 
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The temperature of the oil in the test cup aflects the wear^speed relation.  For example* 
the behavior of the test apparatus and the appearance of the wear scars at loads greater than 
5 kg wife -white mineral oil 0 were normal at 140^ at 4800 rpm.  At 286°F, however, the 
torque aria oscillated so violently that the test apparatus was damaged, and the appearance 
of the enormous wear scars Was that usually associated With delayed seizing (42) Of fee 
BJOerlage E;P; machine. 

Tue test speed of TOO 'rpm was selected as a standard because thetests ihdicatedJthat  
the Wear-load ciirVes were ifiore complex at 4800 rpm, and that excessive vibration occurred; 
Less vibration occurred, at TOO rpm and the results Were more reproducible.  Much olfee_ 
reported work of other investigators was obtained at 70Ö rpm. :; : - 

The average wear-scar diameters obtained With two mineral oils Were ueterminedas 
functions of time.    These were samples of an tiS-2110 uninhibited petroleum oil 
and of a highly refined White mineral oil designated B. Their viscosi^-temper%^rebeteVio^s_ 
are shown in Figure 22:ahd in Figure % reäpectively.  Each oil had been percolated through 
layers of activated fuller's earth and silica gel.  Wear tests were made at 14Ö°F with an 
applied load Of 7 kg and a speed of 700 rpm.  At selected time intervals the test was interv 
rupted and the wear diameters measured. The test was then continued to the next tiine 
interval without removing the test balls.  Generally, wear is somewhat higher for a given 
test interval if the test has been interrupted frequently, probably because it is difficult to 
exactly center the test cup to its OriginSi position.  The volume of each;iubricant^WÄS„main.= _ 
tained at a constant level in fee test cup by becasidnaily adding a feW ml of fresh fluid. 
Approximately 15 ml of each sample waA used for a complete test of 800 minutes, 
results obtained are shown in figure 13V 
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j.ne curve ;ior wmte mineral öu became nearly «near witn respect to time in 160 min- 
utes of 6per?tionj and that for NS-2110 became so between JÖÖ and 20Ö minutes, the standard 
time of test per load adopted by Larsen et al (24) •was 120 minutes.  They found that after 
approximately the first 15 minutes there was an increasing difference in wear .betweenju 
group of üüinhibiteä petroleum oils aüu ä group containing ah antiwear agent.  This; dSferehce 
became increäsingly greater with time.  Therefore, they selected the time interval of 120 
minutes per load largely upon the practical consideration that this interval made it possible 

J:öJtnakeJ;wo^determi^^—- 
äfcJhis.time .interval it iä possible.to distinguish clearly between the wear xates^f these 
lubricants. It is also possible to distinguish between them after a 60-minute time interval, 
and Fenske and co-Workers employed this interval for some of their studies (55). However, 
60 ininutes seems much too short a time interval for studying many lubricants. It would be 
impossible to come to many of the conclusions made in this report if the time interval had 
been less thjm 120 minutes, since there would have been little difference in the wear rates 
of various lubricants at many loads.  The viscosity studies of Figure 6 Were based upon two- 
hour tests at each respective load and the results shnwpd that wearj increasedwhen, viscosity 
decreased. When, however; the time element was reduced to one hour, the wear-scar di-? 
inefisibns at each load were the same for both samples." Apparently .Wear' is a. cumulative 
process and small differences in weär^rätesjrequire^considerabiilatime to be-detected by 
the microscopic method of measuring wear-scar diameters. 

r- 
\ - 

The results obtained with some samples of an aqueous-base lubricant showed that even 
a 120-minute time interval does not reveal all aspects about the wear characteristics o£ 
some fluids.  The wear-time curves at 14G°F and a constant load of 1 kg for two of these 
fluids, Hydrolube U3 and Hydrolube Ü4 (58, 5% at 700 rpm are shown in Figure 14.  The 
wear?time curve for Itydrolube ¥4 shows that there^are two levels of linearity present. 
Between ii!e^tim¥^intervalsof I5Ö minutes and Söu mfnutesTwear imi•becÖ^TMneär wW    "" 
respect to times  After 800' minutes of operation- however- a ranid increase in wear occurs 
and linearity does not prevail again until after 1500 minutes of operation.  The sudden in- 
/vnAÖCA   4«. maQK   ratn   a-f^A-»  OHA   wi-Ss-mi-Ae   »rrf Anawafi.-«.  -r-»««  4 v»*34 >»***.«.  *!**»*   A A^IäI I MaAVA.!-^l . «**-«* MM w. ^A**   'niVMa   .a,*«..»»**, .IMJ>VA    v.MV. -Mi«uwbv». VA   v/w^.a..tJtvi%fa»   ui»i   Aiivuvaic   UUIL   a«jtucA   iiicii.iiaiii^aB —      

Jäiiure; occurred owing- to a high temperature generated atthe points of c-ontse%- This would 
seem unlikely at the low pressures existing after 800 minutes of operation. Since the same 
fluid was employed during the entire test, it may be that severe corrosion or wear became 
prevalent because of Chemical deterioration of the aqueous fluid. Hydrolube SJ3 did hot 

j3JhiMja&y_e_yMenc^^ 
~finfl~w»4aiii4"-Ä£!~i?rf- /wtAvrnfrjlAvi -1r\*%4*\i*a—14wi'Äa.v»44sr. niaa   wots/»kö/?. nnfU-T«««   0ftwi»\Lr>   -——1 — ^— __ 

From these results it is apparent that linearity depends upon the lubricant, and that, 

petroleum products, radically different fluids should be tested for longer periods of ii: 
at various loads and temperatures so that a better insight into the wear properties may 
KA nKtoimA/] "S^Aw»  incä'fr«&m*»A     AWOW   lOfi   ^MiiUn   ^*  ^m^^A^yN«   -S*   «A..1J. 1»Ä   .^_^k1..^3^^a  i--L.~A 
£#"   viyvwMivwi       -A  va     Maw«M*4.«s%*;     s*X.w«>,a.     AÖV    «UAAtUbVO   V/f   UJ/CAaviUU   iV   WU1U   WC   VUIIVIUUCU   U1AV 

Hydrolube U3 is superior to Hydrolube Ü4 at a 7>kg load and at a temperature of 140°F, 
but with time intervals of 600 to 800 minutes this conclusion would be rattier doubtful.  There 
would, however, be little doubt of the. superiority of Hydrolube Ü3 after ifOu minutes of 
operation.  Another example, is the wear-rtime curve of -a polyglycoi ether, Ucon-rlJB 1Ö0X, 

load and temperature äs the hydrolubes.  It required between 300 and 400 minutes before 
this wear rate reached linearity.  After 120 minutes of operation this sample is comparable 
with Hydrolube Ü4 but on the basis of a 400 minute time interval it is muchihferiöJLto_ '.. 
VT 1—^l.-l   Tr-r. 
HjfUtUiUUC   V4< 

-ojäÖÄ '3»cf4-<äe '--. 
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Reproducibility 

9 I 

... -y 
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Among the factors iaüüracing -wear are the condition of the steel balls, the chemical 
nature of the lubricant, the applied, load, and, the aligjäsent of the test.apparat"S= Tests 
have shown that reproducibility between machines is governed by alignment of the test 
apparatusfandi by vibration caused by defective spindle bearings* 

  C   V5.-J.. m*j."i Ti-" 

ReprcKtucibility For a Single Machine—In Figure 15 the average wear vscar- diameters, 
plüsÜM minus the standard deviation, is shown for white mineral oil, Cpi Figure f for a 
group of three runs after 12Ö minutes of operation. 'The- tests, -were -made at 286P3F and 4§00 
iipm with steel balls at selected load intervala>  For comparative purposes the reproducibility 
in terms Of the standard delation of H/drolube II3 is shown in Figure 10 in, the form of a 
band-chart.  The wea* scars are those formed after iSO minutes of operation at i^Q6!? and 
70Ö rpm. The results for both samples show that there is an intermediate lead area where 

_>__*  A   At      (t-1—1_~_~ rcproducibility is besty snd that wear is poo» e» sz xne lu^itnuiw iowwaes xeatea. 

%? 

333 

It might appear from the results in Figures 15 and 16 that the reproducibility with a 
single machine is not appreciably influenced by the chemical nature of the lubricant, by the 
test temperature, or by the respective speeds employed, since the degree of reproducibility 
is approximately of the same order for both samples.^^wever, Üieseparticular fluids are 
stable as regards seizing.   Wear-load curves of chemicaiiy different lubricants reyesl 
that good reproducibility is unattainable at some loads, yariation in tfmperaJ:ure^jgontrol__, 
mayäccöüntTin part,. foPffie lack of reprbdücibility at a particular load. In general» the 
more reproducible results were obtained with the more oxidation-stable fluids. 

p 
13 

mm LOAOiiG, J^I 
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Figure 15 
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The effect of vibration caused bf defective spindle bearings is shcsm in Figure 1'7'i  The 
spread of five wear-scar diameters formed after 120 minutes of operation wiäi steel bails 
and an applied load of 7 kg is shown, before and after replacing defective spindle bearings. 
The lubricant employed was white mineral oil C. The results show an improvement in 
reproducibüity.  ©bservations indicate that motor and beit vibration tögeiher wiui prolonged 
heating of the test cup and qtiill are the öhief causes of deterioration of these bearings. 
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The effect of bails Upon reproducibility is show! in Figure 18*  T^e iöw-viscösi*y white 
mineral oil C, was used' in fife.I20-raihute test. runs at 700; rpm. .Foi^newsteel balls were 
used.for e^e^r;u^  
Identical testconditions'fiys,.SSEMJ were also made with the saxnefcur^1& for each run. 
This was accomplished by rotating, the fv/ur balls to a new position.  All the balls wer-, from 
the same batchy The results showed a considerable improvement in reproduelbjlity yhen 
H»«».«ja*»jo-|jalia morn iigori     *tinrfe«ftf^^|ir. Kalljo lfyr»wi n Iffoy'onfViarf'hfea qiniii.i -?iagp nynfhl^Afi 
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applied load of f kg and ä speed of "00 rpm.  The operatingtemperature was 266°!F; Since 
tests had shown that greater reproducibility was obtained When the Same balls were used* 
i -      — 0  £— « l-S—'    'i 1_   jP -*.£...    __:-__   tt»**AÄ2»      MA«A   Mn.VvlAnA^ i-n   ^\-.i-^iv.   *W«   «ac::Vict two groups pi lour uana» e<tui uuiu uic aaui; uuui,  <T«C.<;UIJUW/6U,IV vw«»»*» »**/_». »«swu«.» 
recorded.  The results show that good alignment of mechanic^ parts is necessary for re- 

:pfoductog results^betweeh mächmesk-_      ..../_.-   :-  - ~b..  -  .   fr' -       '.-    - ~:__" ^. _-:;..-. 

Additive Effect 

That the four-ball wear machine" is capable "of distingulslühg between the wear* 
preventive properties of lubricants is exemplified in Figure 20, which compares the results 
-^th. N5^2I35 jr.jr.egal oil siüfcand without 1 percent tricresyj pliosT&ate, a widely used wear 

reyention agent.  At the same arbitrarily selected loads the samples Were run for 12Ö min^ 
Ti'rniv nan aiool V»ai{c «urn naoH fnj? oi<r»h rim.    Thö V6SUltS SHOW * 9R«°1? an/1 >7nn i»nm 

-•*•*< :- 
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an effective reduction of wear at low loads. As higher loads are applied, the effectiveness 
of the tricresyf phosphate becomes less until it is negligible aA 20 kg., Clearly, although 
(as was showed earlier) there is a hydrodynäinic component in the l^yrJcationTat 0.3 -kg  
toads, there must be a boundary lubrication component;, otherwise there would be no in- 
fluence on *he Wear-scar diameter at such low loads by ojily I percent additive. 

ijt- .-o-j-^^mff-A.-'A--.— J~ - . *7i n an rfo i». **^S 

_=£ 

Friction Measurements   .••;-": •,  '" '" "     i •)' ' -'•'*' ":,""! 

Torque measuremente werö usually record^ w^tiün the first i5 seconds of  _ 
•and at ilMjmikiute. is^gVy^s; uiereaite«.  E^ 
measurements were those obtained in the first 11 seconds and at applied loads between 1 
:and 20 kg, Even at tMs,äme ihteryal,hqsgveEj ®e repEÖducibilifaLwas too poo? to permit 
any but generalconclusions* frona the torque measurements • thp coefficient of friction was 
calculated by the ma!l&emati?ai jools outlined under the subtitle. *!Afeparatus.g, _. 



20^» 

Figure 20' 

Where seizing did not occur, the initial coefficient, xit friction was the same for many 
diverse lubricants within the temperature range Of i4ö° to z66°f and a load ränge of 10 to 
20 kgi Undoubtedly small differences of friction do exist for these fluids, but the four-ball 
friction mechanism is too insensitive to detect them; , I$?ne öl me lubficantsiesied contained 
any of the, .'known effective frisii9a^fduGin.g agents sUcfe äs free fatty acids.^ After,the test 
had bee« run for 120 minutes it was iöuhd -that the Sinaicoefficient of friction was generally 
higher than the initial coefficient Of friction, although the unit pressures were considerably 
less than ät the start of the test- The data also diselosed that no simple relation eidöted 

.hMweeri final wearlrspot diameter andthe initial or,thefinalcoefficients of friction.  

L- 

G 
•P 
Ei 

It was found that the föur^bäU; wear machines; constructed at this Laboratory were too 
Insensitive to measure accurately fhe coefficient qf friction* although Perry (25) *epj)?ted 
;?esults~thät~werre of a fair order öf reproäucibility when similar machines, wel'e used/ 
Fsnske,and:co,^workers.jJiQW.evsr,;,using3*rfij£isiöiiä,ciEntific^omp^y^achines alsofound 
the coefficient of friction verg unreprod»ctbfa when compared with the ^eproducibility of 
wear-spot measurements 155);, 

I 
F 
E 
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Miscellaneous Wow -Bali Wear Khenomenä ... 

• Wear^Scar .Deposits.—Buying a wear test,, deposits: were observed to. fprm around weä? ' 
scars When hard steel balls were employed.  The quantity produced was generally dependent 
upon the sisse of the wear scar,.  An investigation of the re!;»tiori of wear to the hardness of 
surfaces in the presence oi the deposit has been reported by Webb (23). He used a petroleum 
motor oil: in Remonstrating ttjat at 2§B% wpft a~trkg; AöTd^Wd 700 rpm, wear wasJvery"nignr~ 
with hard steel rotating oh hard steel even after ö4ö minutes of operation; 'Xiihe same ipaa~" 
and temperature, however* wear was very low when hard steel rotated on soft steel.  The 
reduced wear with the sott balls was attributed to the reddish-brown deposits, identified äs 

Mj*>s*nia*»*mte rthseevMinn,rev«äied OiatJthe oztde became embedded Miihe soft 

<:••• 

± 
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~ ~ bails,at fee points of contact, but hot in the hard balls.  He believed that the embedded, oxide 
I                   layetf 'prpvided a protective film which prevented further oxidation of the sliding surfaces 

—LJ-_-___~_^Q&iBda^a^  ....'- .-- -." -."- "'-" '. ... "A'"-_^  
il   —_—;——.;;   ,-""'.:.1"    -     "---- -       .;     ..-•;..  ; 

£ in the NRL investigation consideration Was given to the possibility of these deposits 
l'. acting as abrasives which caused high wear when the material came between the sliding 

I deposits which formed abound the Wear scars, 'These deposits varied from a bright orange 
, I to a dark brown for most petroleum lubricants when either four hard-steel bails, or four 

stainless-steel balls were used. Black, floeculent deposits, wesg formed with^monel bails: _ 
1. .. .-..,.   Mälol^s^eltolJS' ^te^-bas^fluidsproducediM^^brPwd^s^jja^e^roj^t^fe „   __ 
* silicpne lubricants varied from a. white to a heavy ^blacki|elatinöus material which germgaisd 
X the bulk fluid surrptmding ü» four hard-stsel palls., an general the amount of deposit varied. 
|   . directly as the wear --scar diameters. 

I Several attempts were made to reihove the deposits; as soon a^fir^danä^MPÄevenL 
| them from being carried back under the sliding surfaces. The most successful of these 
I consisted of pumping fresh fluid continuously into the test cup and inserting a small felt- 
| lined wiper, shown ir| sketch B of figure Jiji,in fee space between the rotating ball and the 
| three löwer balls. The wiper wagi very effective ill removing much of the material carried 

by the rotating ball khd the eddy currehtao^ the contact..surfaces* but 
j[ sonie deposit was still found around the wear -scarsu Redueing the flow rate of tee", fluid 
I "' to a point where fee four balls were no longer immersed in a pool of lubricant but were 
| merely covered by a flowing film did npt reduce further the amount of deposit found around 
i   :_'- • th? •w*a.r"scars1. "" •---'-=- - 
I '"'''.•_ 

When a felt wiper was used with white mineral G of figure 7 the tests showed no re- 
f auction in wear after 1-20 minutes of operation with as applied load of 20 kg even though the 
| amount o& uepos.». accuuiutä.i.6u on xne surxace arounu iisecöiiutCc äieäs was iiegAigibie. 
I X-ray diffraction studies of the deposits formed with the white mineral oil did not reveal 
1 the presence ofoxides of iron (alfeOugh spectMch^^^ 
I much iron), hör did the nature of the deposits with adimethyl sUicone fluid, 130^500 (see 
I Table 1 for viscosity-temperature characteristics) resemble the ug^physicMappeararjce 

J,' of the oxides. The white deposit resembled the gel formed when this fluid was testedfearlier 
I in a unilaterally loaded journal^bearing machine (58). Brown and black particles were 
•- observedfethe white gel. Wifea-mefeyJ-pheoyf^^ r(see TäbleXför 

viscosity-temperature characteristics) a coJ^idjsäbl^Mack,depg§it.was, found. Beferenee Si 

eration and r^prpducibility of wear in the four -ball wear machine.  Later in this, report 
reference will be made to the deposits, formed by each lubricant, studied. " 

% 

,   Of possible interest ^^   
is the appearance of the upper rotating ball after ä wear test. The rotation Of the upper ball 
forms an annular wear path parallel to the ^quatpr Of. rotation. This path consists of par -• 
allel striations around the ball which appear to form & mating: surf ace with fee striations 
visible on fee surface of fee wear scars.  In general fee path itself is free of debris, but 
debris is found on each spherical segment bordering fee Wear path. The deposit was always 
of fee same nature as that around thö wear sears and did not form any particular pattern. 

X shape 6i wTearacars—in general wear scars optainea witn petroleum oils are rouna, fee 
.'. X! J ellipticity seen through the microscope being due to the inclination^cl the axis of fee scar, 

'\'\ This is not true for ail fluids since wear scars produced by some of. fee aqueous-base fluids." 
Jail _ ^ sind some silieohes at certain applied loads produce elliptical wear scars like those 

;..^i ""       '   - """     .    ." " •    ~    "• 
•'   ~9. m 
i-  hi ±i 
!,*.--   ~T*     ^~T ~ — .".--„     - ^  _    ..__   ,^„    . - ,.„_*    -_. lU^rt igst       U.J&. - - - - • --*»-. - 
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illustrated^at C in Figure 21.   Elliptical wear scars are usually ?eroöve(JJ&cöm.ilie_tes.t cup and 
measured.  The average of the major and minor axes is considered the measure of wear. 
Th« reason TO? these OeCUliar scar« is« nnt nnharoni.    Ilnrief. sxxti.Yämä. hrosBiirä /»r»nrflHf»ticf 
such wear scars are commonplace particularly in the region of immediate seizing (e.g., the 
branch marked CD oh the extreme^pressur.e curve in Figure 2). It has also been observed 
thatsome wear scars are rather irreg\|lar in shape or square-round (see. F|gTure 21-jfe) so 
tni*i-<ui<e-«*^VMj;«*.vj wi iiieasui euieiii .».a xpttu<si puur.    xiup was .yariiduany true. Wfienviäösel. 
balls weise used. ' '       'i , 

Theoretically it should be possible to obtain only found wear scars unlessseizing.  " 
occurs»  Fenskeand cö-'Workers,have reported that wear scars on steel balls became ellip- 
tical when the speed was increased from 67Q rpia to 1725 rpm (55).  Presumably, their _"• 
statement was based upon studies with a blended white oil.  NRL studies with petroleum 
oils at 4800 rpm did hot produce such wear scars, but it may very well be that there is a 
relation between the: fluid, the sliding speed, and the degree of eiiiptieity. Most wear scars 
have been observed at 70Q rpm with temperatures of either I40°F or 26S°F.  This report will 
mention any unusual: wear scars formed with the lubricants studied. ; '[• 

i 

i 

St"Vl Z I 
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These varied phenomena show the complexity of wear äs observed in the four-ball 
machine.  It is apparent that viscosity effects cannot be ignored,  Any standard msthod-of 
evaluation .must be sufficiently broad tp. encompass a. wide range ofloads* iempefätures. 
and speeds.  If the range of variables is limited, oniv-ä-partiäi andiincojhpletejni'ctureof 
the wear characteristics of a lubricant is Obtained.  For any particular application a narrow 
range of variables may be stiffici'eirt to Characterize the wear properties of a fluid.  For 
research purposes the entire load range must bö included and' the temper atu¥e "variable need's 
to be investigated at several temperatures Over the operating range of the lubricant; 
Unfortunately speeds in excess of 700 rpxft are likely to introduce vibratiOnal errors into 
t)ie driilspress modelof_tM lour-ball machine.        .__. " - -    :-' 

JL«JJJJIJDJO..V/A:   ,0\JXVt.£l-iJl:.V ÜlXXOJCl. iJ«Ji>£VH_/Ä-l.'<l IP 

The literature discloses that the fourrball machine is clearly capable of differentiating, 
betweenpetföleüm.öils with and without additives.  Much of the: published work pertains_to: 

mineral oils er to-pure hydrocarbons.  Adequate information is not "available about the fpur v 
bail behavior Of the aliphatic diesters (52, 53), the polyglycöl ethers (50, 60, 6i), and th# 
silicoh^s '@2, 63- 64\ It was one of the Qb'SQt-ives of this Investigation to show the nature 
ef the 5?sar-load curves of some-of-these-new sviitheiie lubricants andto comsare the-'resultsi 
with comparable grades Of some Navy Specification oils. ; *  " 

The iwä temperatures investigated were 140°F and 266°F;.  The coefficient of friction at 

conclusion of a test (Table 2).  Also included in Table 2 are the median values of the initial 
and final coefficient of friction for all samples listed.  The initial coefficient of friction 
appeared to. be the most reproducible and was pf the order pf (0.10 for mpst of the lubricants 
except the siiicpnes.  The final coefficient of friction was generally nearly the same but was 
unrebrpdugibie for all samples listed, and of ten varied as much aj§ 30 percent of the feppjpted 
value.   Only measurements made at iökg and ay kg af e mciMed, since niey seem to be the 
most reproducible.  The_eiiect of. äntipxijäants ;än^^ 
were, also studied;, rarely did^either cause significant changes in the coefficient of friction. 
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TABLE' -2 

Friction and Wear Daja on Gils Studied 

Lubricant 
Designation 

Initial Coefficient.of-Friction 
Applied Load.20kg 

14UUF-     266"F 

NS - 2110 UP 
NS r 2110 P 
NS - 9250 UP    • 
NS - 2190T jUP . 

Di-^2-ediyl- 
ihexyl'V sebä- 
cate plus 
antioiidant 

?Di,-(a-ethyl 
•hesryl). seba- 
^cate£ 

3NOil4r0^20.UE 
.UconiS 100 £ 
Ucpn-LB lOQitff 

fUcon-LB lÖC'X. 
"(inniBitca) 

Median value of 
coefficient ö»" 
•friction for all 
samples. 

.09 

.09 

.09 

Applied'L.ond 10kg 

140 F'   l,266"F 

ill 

.09- 

.09 

.08 

.10 

.09, 

.09» 

.09 
40 

.09 

.10 

.10 

.10 

.08 

.10 

.10 

.10 

.09 

.10 

.10 

.09 

•IP 

m 
.10 
.11 

,09 
.10     , 
.10 

Final"Coefficient of Friction 
Applied Load 20kg 

I 140"F '! 26SyF( 

.10 

.12 

•1Q 
.08 
,10 

.10 .10 

.13   ; 

.io ; 

.08 

.11 

•:il 
v09 
.12 

.12 

.42 

.14 

.12 

i .10: 1 :09 
";12 j   .12 

' M \ 
13 j 

.12 

»12 

.13 
. 12 

,11 

Applied Lood Ipkg 
1,40 F  j   266-F 

.12 : .04 

.i-3   ; :. 44 

.Ü .09 

.13 .14 
;' •a 

\ ; ~ 

.12 : -11 

^ Final ;Wear^Scar .Diameter, mm:. 
Applied Load 20k'g I Applied Load 10kg 
14CfF i ?66 F MOyF 

•Bl 
.794 
•455> 
•680 

.663 

•800 
;7tö 
• 513 
.726 

.561 
-556 
.284 
MX 

26.6"F 

.476 

.556 

,«05 .624   .;.533 

936     T .505   ' .629 

,635 
.652 

.437 X/527 ,^29 

.505" -567 1.561 

.703     ! II ,380 

.AACI—A^äxA-*—.  si r„. .il„/S4R_ 

Percolated 

Coefficients of friction for the silicones are not included in Table 2 because the violent 
seizures wMch occurredjnadejt impossible^to obtain accurate readings.  Since the friction 
forces were less erratic at 10 kg, :an approximate value of the initial coefficient could be 
made. In general this value was about 0.20 for all silicones at 140°F, but at 266° f it had 
gsQpma/i+n approximately0*13=  The final frictional torque was too erratic to be recorded. 

"f"•^: 
ÜJ 

^ »A^uöii.^-i.«iiii*,sKa.ture chart of the three Navy -symbol :petrole>im oils examinee! is A'   ••4 <•• *%+\*i-I<T   lAmnA^Q4 

shown in Figure 22.    A conventionally refined nonadditive oil is exejnpItöiMby NS^2110, 
ä heavy-duty detergent-type oil by NS-9250, and an oxidation^ and rustriiihibited "turbine oil 
by NS.--219ÖT..    .:_"".      -V^"   - '        -   ..    '_; .- ; :';':\^_-__ _ _/___•- 

The results obtained with percolated NS.^2110 oil at both 140°F and 266^F are shown in 
Figure 23, where me: dimeter of the wear- sea-rs after 120 löinütep of operation ät 7ÖÖ rpm 
ar-e-plöttedjagamsfcJ^ 
at.:böth^empler»ätures.. The Wear-scardiametersi increase more rapidly wij^^creasing 
loads at the higher temperature until loads of approximately 2.5 kg are applied.  This 
icrease n-ay 5e due to the decrease in the viscosity of the oil.  As the applied load is in- i^^.-^^^^ 

creased above 2.5 kg, the graphs tend to converge at approximately a 2ö-Kg loaa; At "the 

a_: 
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higher loads (above 2.5 kg) the antiwear action of the polar oxidation products forced tends 
to neutralize the viscosity effect, and the antiwear action becomes the predominant effect at 
20 kg.  The contact temperature jind ^e^iiJ^^fraiuyejg the test cup diverge as the 
applied load Increases.  The temperature of the contact 'ta^'tt&äJ^Jae^f~A}^.e'-t^B^iä& 
pil temperature so that polar oxidation products are lormed. When the oil in the test cup 
is 140?F the contact;, temperatures are not sufficiently high to form polar materialswith 
äntiweatpEOQeiities..and.:&^ .. _ ..: ,   

._,,_..   ., 

The wear-ipad curves of unpercolated NS-21I0 are, shown in Figure 24.  The' difference 
between Figure. 24 and Figure 23 may be attributed to the polar impurities originally 
pi e^ent. It is shorn graphically in Figure 25 for runs ät l4b°F. At loads af^r^aching 10 kg 
and 20 'kg Me presenceorVbsence of polar materials isoilitue consequence»  pfelmayr~ 
conclude that wear protection inherent in unpercolated oils is partially due to adsorbable 
materials, and. that these adsorbable materials are most effective at low unit pressures» 

M both temperatures, when either the percolated or unpercolated oils were used, the" 
wear scars were round arid smooth and the debris had ä red-brown color, siuealing of the 
apparatus occurred with both oil samples at various loads but was not continuous.  Initial 
periods ofquiet; |r eqVently preceded high noise levels *  Frictional forces were constant for 
percolated and unpercolated oils and were of the same' order of magnitude aslolFother 
mineral oils. 

90    100    110   120   130   140' 150   160' ;J70   180: 190 200 220. 
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._ _^_   „je vTn   AAKA  ^xt   /m* ; A0\   _H -. — a JLJI_^_   *„ „   _x AAAra*-1' gi asu UA Aio-oisau uii vr isure ^u; öiiuwa ü rniucuuu m wear at £00_ i? 
between the loads of 2 and 5 kg; this is attributed to the detergent additive., The points on 
these curves have, been carefully checked. The wear debris formed at both temperatures 
was red-brown in color and the deposit was äs shown in Figure 21 A.  No squealing was 

^i^..vJ   ^»k  t-Uii -.««^«1«  t    UK»  i.Mnl   «v>«lnlA.«   ~tf 5„4_*4~- .-   ~.£ iL>   — — -iJ—— 

as that of the other mineral oils. 

The wsar-load diagram for NS-21Ö0T oil is shown in Figure 27. The; occurrence of 
an unstable region of seising at iiO^F with appl-osimately; 1 to 2.5-kg loads would suggest 
tha* this turbine oil may be inadequate under certain service conditions. Under loads of 
&GOO"UUUi   JL gets obtslnedj above JUSUB öi «.5 kg eAvesaiV© 

"   ;QTT   wear occurred.  Elevation of the bulkroil temperature to 266QF completely eliainätgd the 
seizing. At this temperature the sampleshowed; gongjderable improvement in wear     ,_ 
Cuaracveriaiites sx nearly »IA xoaw». Tue * cüucviöiv AU wear w»ucu a.vCvmjmiii<äu ,uie increase 
in temperature is the- revejLs.e. ofthat leuhd läth nonadditive •Oils:. The. effect of gie additives 
completely overshadows that of viscosity at the low loads. This could be attributed to the 
 "   " The low: weiär observed " 

The debris formed! 
inCröESöu activity öx tne aaauives at tne nigraer temperature. 
suggests the presence of an, antiwear agent as well as ä. just;Jah&itor, 
with thii sample at^üitempesatures was the same red-brown material found for the 
majority of lubricants, the, wear scars were round, ^d squealüig occurred only occasionally. 
The initial coefficient of friction was of the same order as that Of the othei? mineral oils* 

The only pure,hydrocarboni studied was cetlnei manufactured by En. Suöont, ä<BwemQUrS 
and Company and designated as M.Q. 62004.  l£is^predominatelyn^he^decajte. Asample„ , 
percolated through layers Of fuller's earth and silica gel did not spread on the Clean surfaces 
Of either alkaline or acid water, and it gave higher wear at all loads (Figure 28) than did 
the sample as received-.  Another indication 01 tu© poor lUuricauug qua&Aiy 01 uie psrcoiäieu 
sample was the exges«iye squealing obtained at almost all loads. Friction measurements on 
this sample are not included in Table ,2 since wide variations in the torque were observed* 
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The effect of temperature upon- the unpercolated sample of cetane at J.4Q°F and 
is shown; in Figure 29.  The wear^iöadrdiagräm shows ä decrease in wear when the temper- 
ature was elevated.  The unexpected decrease may be due to the oxidation products formed, 
which may have some antiwear action (65).  With the percolated sample at 212°F such severe, 
seizing occurred that efforts to obtain a wear-load curve were disconÜn«ed.  ^3JjW*!L-_ 
spots were round* and» witnrpoui percciateci anc» unpercoiate« fiUÄüsf red-brown üoccuxent 

^deöosits wejcäJorme<yi.tbiith^ 
sample* « 
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SiiicQiies 

Three silicon© fluids manufactured by the Döw Corning Corporation were studied. 
Samples of these fluids were percolated through Florisil (66).  Their viscosity-temperature 
properties are given in Table.2*  No significant changes in the viscosity-rtemperature curves 
were caused by percolation. The results obtained with dimethyl silicon© (DC-500 Serial 
No. 369-62-69); as received ani after repeated percolation, are shown in Figures 30 and 31. 

„Thefee.isJittl^sisnifi{^nt.;differ.ence.in^theJwea£^ 
unner.coiated samples. Kemovairof adsorbabie material had a detriments influence upon the 
wear at 14Ö°F.  At this temperature the wear fate was low for the unpercolated sample and 
is comparable to that of a nonadditiye mineral oil such as NS-2110 (Figure 23).  The dotted 
lines in Figure 30 represent unstable regions Of lubrication of the wear -load curve where.  
seizing, occurred.  (Cf. Figures 8, 10, ll,. 27.) Wear scars ^formed at high loads and both 
temperatures for the percolated and unpercolated samples, were irregular in shape. At 
lower loads they were nearly circular and the squealing was not continuous as at high loads* 
A brownish-white gelatinous materialwas deposited around eachwear scar. 

The coefficient of friction Was impossible to measure, because the torque arm oscillated 
violently at high loads and at each temperature witii both ti»e imper^oläted and the percolated 
sample." Similar torque Characteristics Woreipund for all silicone fluids, therefore, the 
coefficientof friction for^^ those fluids is ribHhcluded in fable 2.  U view <Sf the fact that the 
torque arm oscillation was as severe with the dimethyl silicone as with other types of fili- 
cones, it was surprising thai «?e wear scars wfere much smaiier at nearly ail loads and at 
each temperaturei .•...". ^       ------ 
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The wear-load curves of the methyL-phenyl silicone (DC-550 Serial No. BB-25):perco- 
lated and unpercolated are shown in Figures 32 and 33* The high rates of wear obtained at 
all loads is the result of severe seizings.  These curves are typical of wear-load curves 
obtained With mineral oils under extreme-pressure conditions in the Boerlage four-ball 
mä'shinei. The1 results show thefsoor lubricating ability of 'this fluid-^äth-stesibsüis. - 

.Pjy^jation^oiBje-Slg caused seising at lower loads (0.45 to 0.63 kg) than with the unper-_ 
cöiäted sample at l4Ö°F.  At 26§yF ^percolation caused nö sipäificäht change in the wear 
of DC-550 silieone.  In general, increasing the temperature increased the wear. The 
wear scars formed at high loads were elliptical in shape, and the bulk fluid was permeated 
with a black gelatinous, deposit*  At low loads the fluid remained clear.  Friction measure- 
inbeiits were almost iinnossible to obtain because of seisin0'- but the a"nroSimate vali 
0.20.  Squealing occurred at nearly all loads, and seizing was so severe at 20 kg that it 
was imnnssiblft **v lock th'A tt»«'t nun- sufficiif»nt1v Hcrht in nr*«fent tho ihvaa r-ttn-V-.aUa t.vnm 

In A umci 

119  -_P»flBBB. 

¥* 
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A: 

The silieone with the higher phenyWo^methyl ratio 
,^v_ W   1..1,_J.,„_4   „„   VW4-1    CCA 

- I XV, Serial Ho* 406-I- 
F74A' —X   t 1L    UAfin  
«i« Al  UUU1  iW  i:   <311U 

268<¥ are shown in Figure 34 and the results for the percolated, sample in Figure 35. 
when the temperature -was .raised-?rozri IsG°F to 286°F Wear increased for both me perco- 
lated and unpercolated samples.  Comparison of the percolated sample with the unperco- 
lated sample revealed ho change in Wear at either i40°F pr JöO^.  With respect to 
friction, nature of deposit, and shape of wear^ scars? this sample behaved entirely like the 
äaujple of DC-550.  Squealing was cöntinuö'is, and at 20 kg seizing was oi such magnitude 
as to rotate the three balls in the test cup. •'*'.'' 
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Comparison of the wear behavior of the güicon es with that of cetane shows that; DC-500 
is ä little better lubricant at high loads, but that cetane is a better lubricant than either 
DC-550 or t>C-;?$Q. ft is also concluded that* with respect to wear and She ability to resist 
seizure, the methyl-phenyl silicones are inferior to the dimethyl silicones as lubricants. 
However, at the lowest loads used the percolated DC-äöö and the memyiTphenyl siiicone, 
DG-720 cause apprpx?mately equal wear.  This is clöarly ;showri in Figure 3$ ^shich gives 
the curves for" three percolated samples at I4ööF., This, eonclusioji is in: accord with the 
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Some results obtained with several diesters have been presented in conjunction with the 
viscosity studies. (The yiscosiiy-tenaiperature properties Were given in Figure ?4 Among 
those studies was the wear curve of di-(2r-eüiylhexyl), sebäcate at i4fi°f (Figure 8),  This 
sample was percolated through fuller's earth and alumina, and the volatile impurities were 
removed by counter -current stripping ißt), .M; injjreiyiejn j?eM_M^ 
ature is sbown in Figure 37.  The dotted portion of the curves represents the regions of 
seizing. Seizing was observed at a lower load at %|°Fjthan at 140°f.  The inlüal. and^ final 
coefficients of friction ^OifO -. O.X'2) &re shown in Table 2 and are comparable to those for 
petroleum pilä.  The %eß.r scars were round and surrpunäedby ä brown deposit. Intermittent 
squealing :was.noted.-" . 

The effect of the antioxidant, 0.25 percent of 4-tertiary butyl, 2-phenyl^hehoi (53):* on the 
percolated di 4?-ethymeip) sebacäte is shown in Figure 38; It is sigiiöicant that the anti- 
osidant had no effect upon the wear-load curve at i48°F other thanto. elevate the load at which 
seizing, indicated by the dotted portion of the curve, occurred. Ki 268°IP the antioxidant 
eliminated the seizures between loads ofjk 32 kg and 0.8$ kg. The same percentage; anti- 
osidantin white mineral oil B had ho effect upon the wear -loadcurve at either 148?F or 
2S6SF. T^is^öiild be ejected if the gea-ral effect öf the antipsidsst is. to eliminate seising 
or reduce its intensify;. Or to elevate theloadAL^^chjt öccuga, since theuninhibited wsiteL- 
mineral Oil:,did:not show: seizure.-at either temperature^ .- •*-'-'- 
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The wear-toadcurves! at 266% for tee uninhibitedäi-(2~ethy1&eKyl) sebacate, the perco- 
lated white mineral oil S, and the percolated cetaneat 14(FF' are shown in Figurt 39, At 
these temperatures the samples have approximately the same viscosity (2.2 centistokes). 
Ws&r with cetane was higher at all loads than the wear with the sebacate or the white 
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The results cbtatojed with a ^(|rethylhesyl)„sebäcate-base lubricant;cpn|ainü^ad^üvts 
(Naval 'Ordnance Specification 14-0-:2Ö) are shorn in Figure 4DV The nature of the anti- 
oxidant »as. unknown, but the rust inhibitor was a high-moiecuiar-weight barium petroleum 
süiphoiiate.  A decrease in.wear Was obtained at faSjf at ay. Ipaas^ Presumably,the anti- 

. p^^nt .pr_tlie.5rast JiMhitor Js.actimtsd.bs-.the - 
wear protection.  This, scruple offered^greater protection from wear .than the laboratory- . 
prepared sample containing only an antioxidasii '(Figure 38).  The diiieremr.e 'in wear at 140°F 
is not significant ;escept' in the load range 0«5 to 1.5 kg. 
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Polyglycpl Ethers 

The synthetic polygiycol. ether lüB^löö öf the Carbide and Carbon Chemical Corporation 
was. studied at 140PF äiiä 288°F and tlie results &re~shy wn in figure.41.  The viscosity- 
teniperature properties are given iii Table 2. It will ^e seen that less wear occurs aj the 
higher teaiperaturfe WitiTappiiea loads from Tied"IDSgT 'rius. sample was stripped ofVola- 
tiies.;bMiwa,s_^^ 

T*iveh wear protection at;the intermediate loads when thetemperätureTwas 266^F. ÄLloads 
less than 1.25 kg and\266°F, wear was slightly higher. The adsorbable material present 
probably acted as a milcl wearpreventive only when local contact Temperatur es" are high/ 
At low loads and unit pressures it would be expected that the Viscosity effect would pre- 
dominate resulting in higher wear. 

I IS*   I/1COCUI.   ill   U1C   OIUllJL>lC   UJL   JJO- -10Q was slight or was not an 
active wear^prev.entive at 14Ö°F, since percolation through layers of fuller's earth and silica 
gel caused no change in^thejiejree of: wear (Figure 42);when,, however,, the, tejaipera^re_wa 
raised to ä86"F the" difference Between the ünpercöläted and: the percolated sample was large 
(Figure 48).  The wear debris was the same red^brown color for both the percolated and 

_ü*i — -- - Tjle; wea* oCars were round and, the initläl-weiiictent >pt iFiGtion was 
a little higher for the unpercolated sample.  A small amount of squealing occurred. 

Figure 44 indicates that percolated LB-100 is unstable at 288°F sine« seizing occurred 
between 0.63 kg and 1.25 kg.  The horizontal portion of the same wear curve between 1.25 kg 
and 20 kg may indicate that oxidation products effective in preventing further wear over a 
wide range of load were generated. Apparently these products are more effective in isini- 
mizing wear at high loads than the adsörbable material removed by percolation, because the 
wear curve for thö unpercolatedi säinpie between 10 kg and 2Q kg shows a trend, toward mu,ch 
greater wea*'thanthat obtained; for the percolated saniple, 

ÜKPERCOLÄIED SAMPLES 
LB-,100 
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Figure 44 
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Ä sample of LB-10Ö containing approximately «.pereentölphenyl^aip^^nag^ylämLis 
as; an antipxidant Ws evaluated at troth 140 °F arid 26<§°FS This sample v?äs designated 
:LB-iÖ0X J?»-iW »anufac&neiCJChej*ea^oadij^ 
Apparently there Is.a stabilizing effect due to the presence of ar/äntiöki&lr.tslfcce there is 
ho significant difference inathe wear at the two test temperatures.   ^»eve^y t»e_inhibited 
fluid shjyfd jgueh higher wear at 26^F than. th? «npereclated sample injFigure 41, There 
was älisWlällghtty'm^^ ".'" '-^^-'^--- --'-;*- ••*i-- --^^^-45---—v 
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Comparison of Figure 45 with Figure 44 indicates that the presence of the. antioxidant 
increased wear at loads higher than ID ig when the temperature'•$&§[%&$$:;.. Also, the 
seising Which occurred between 0^63 kg and L 25 kgior the percoUted sample at 266*^ in 
Fisure 44 Was less severe with the inhibited fluid ^sas; Fi^tirs'^5-.  At. ii4GP'Fhthsr© Was no 
apparei|t difference in wear at high loads, butat loadsipss than 2.5 kg the inhibited fluid 
produced higher weäiv There was nothing unusual aboutthe color of the debris or4h^ shape 
Of the wear scars.  The toitlM ^efficient of friction wag; .ajifeji^^et-lban.j^tx)f.-.l£e.un,in> 
iuuiieü iiUiG. , 5gH£«iing_GscUi"rcC^ Oiii^ öCCäSiöuäiiy.,  , „<    - ;   .   > ' -    "{ 

The results indicate ^Cpolye&yiene glycol ether LB-100 with the addition of the anti- 
oxidaht;; phenyl-aipha-näphthylarnme eafrsed&reater wear tj^anunpercQlatAd .sample;pf the 
fluid containing only its; "natural* impurities. .The,genefal behavior, wi#4padVho!^evgr, 
(Figurel 45) was very xn,ucK like that of a stabilized die|t^r (Figvire-38,).Jt      __, ..;   ->*_ 

L_ 

CONCLUSIONS-AMD-iiEGOBMENDA-TIÖNS- 

Genera^. • 'i _. .": '• .'...< .1,',.} .   Ui-,.C''". 
I   i 

The purpose of this study was twofold:  To determine the usefulness of the wear-machine 
äs an adjunct in the study of Wear mechlTiisxnls and its value äs a practical tool in the 
development of synthetic lubricants and äntiweär agents for silicpnes diester, petrÄlejumand_ 
aqueous base lubricants. * 

(a) It is concluded that wear in the fpur-ball machine is. tremendously complex and its 
vaiue üi weai*; m§chrism swaies js dilliefl^oteyajuate ^^putfur^e^^gy^f^ffie 
yar\ipUä, var%öles which affect wear as well as, the ty^espf wear -wfiicfilpccur in the 

(b) The employmentöf tue pur-pail wear machine<£&, a practi^Vtap^*ß?^E^caö!ö^ 
.tgilsj^'fee; ultimave^iSätesiGiij- ^r&Gr 6.G s.erVtace, -—~~~ 

«4 7 appears Very useful since this study showed detectable differences in wear for many 
lubricants irrespective of the variables which affect wear in the machine. 

e • - 

The adoption pi'a ti*ue standard of 1:2G .i^Lsijijas ;pg* test load appears adeguäteL.for^_ 
most petroleum lubrjieants,, but new and unusual fluids should bp investigatedfor 
very iöhg^peridds of timesünce* the time studies showed that someiv^ricants show 

; evidence. Pf^breakdöjwii" after long periods of wear xpsting^ i !'•" 7T 

J__ 

(b)  Increasing the speled frein 100 rpm tp 48ÖJ3 Jpm decreased the amount of-wear in- 
curred with a petrplpum lubricant at few loads.'. The decrease in wear i^ beüeved 
due to increased: we&ging of the lubricant between thegrubbing surfaces at thp higher 
fpm:.  It is concludedthat; the wear -loadrelation, is äff^ j    ^, 

{c)  At temperatures^f 266/Y or ;less,; wear attnearly all Ipads^ihcreased as; yiscpsity 
decreased.  This was ioüfid to. be true Of dipsters and; white mineral pi}. JBeiice, the. 
four-bäii machtne'dpeg not' measure exclusively the! effeSl Pf böuti^ry friction and 
wear. This is pärtiPulkrly true at low loads since the viscosity effect was more 
pronounced Et these loads.        ,; r.       "--""-»- 
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(d)  Reproducibiiity of Qieasuremerits "»as adequate only after eäreiul alignment* 
selection of spindle bearings, and the use of the same balls.   Frequent checking 
of performance is necessary. 

_ *-s .*?t»Q„>r»^t.höi!,vma1lL.iio5äni!rit-iOn,. -£*nj MUT £h r-|fln-»~,;.lfkua 

T^T^"—- ~-~~*'-'i  ''-* ~  "-"yv*-*   - 

it)   -Minesa« -öilsiand hydrocagb^n^ ^r.|„ve^.p^r,;iu*>ri^ä|ts in the ä*senc*s -££._    ., 
cheiöica%aetiye"adaitidh agents."   ' '   ' ', <; ;-,o»". :'•.-"-'-'.'< V"i...A-';-i>V--r;*'.•• 
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